The products of the btuCED region of the Escherichia coli chromosome participate in the transport of vitamin B12 across the cytoplasmic membrane. The nucleotide sequence of the 3,410-base-pair HindIH-HincII DNA fragment carrying a portion of the himA gene and the entire btuCED region was determined. (18, 38) . The tonB product is necessary for the energydependent release of receptor-bound vitamin B12 (3, 31). Iron chelate uptake systems also employ specific outer membrane receptor proteins and tonB function (29). The use of receptors allows these relatively large and scarce growth factors to be translocated across the outer membrane more efficiently than by diffusion through porin channels.
Vitamin B12 is transported into cells of Escherichia coli by means of a high-affinity, energy-dependent uptake process (13) . Transport is initiated by the binding of the vitamin to an outer membrane receptor protein, encoded by the btuB gene (18, 38) . The tonB product is necessary for the energydependent release of receptor-bound vitamin B12 (3, 31) . Iron chelate uptake systems also employ specific outer membrane receptor proteins and tonB function (29) . The use of receptors allows these relatively large and scarce growth factors to be translocated across the outer membrane more efficiently than by diffusion through porin channels.
Little information is available concerning the passage of vitamin B12 or the iron chelates across the cytoplasmic membrane. Genetic studies of vitamin B12 and siderophore uptake revealed the requirement for additional components acting after the receptors and TonB. Three genes (thuBCD) are necessary for ferric hydroxamate entry (14) ; ferrienterochelin uptake requires fepBC function in addition to the fepA-coded receptor (30) . In the case of vitamin B12, three linked genes, btuCED, have been identified (11, 12) . In their absence, vitamin B12 is accumulated in an energydependent manner, but, in contrast to the wild-type situation, all of the transported compound is lost from the cell upon chase with excess nonradioactive substrate or disruption of the outer membrane by osmotic shock or treatment with chelators (31) . Furthermore, there is little conversion of transported cyanocobalamin into the usual metabolic species encountered in wild-type strains.
The btuCED region has been cloned, and the locations of btuC and btuD were defined by further subcloning and transposon mutagenesis. The two genes were separated by approximately 800 base pairs (bp) (11) . Transposon insertions in this central region (btuE) produced a deficiency in vitamin B12 transport and utilization, as did those in btuC or btuD (12) . A maxicell system allowed identification of the products of btuC, btuD, and btuE as having apparent molecular weights of 26,000, 29,000, and 22,000, respectively (12) . Cellular localization studies indicated that the BtuC and BtuD polypeptides were membrane associated, whereas some of the BtuE polypeptide was released from maxicells by osmotic shock or spheroplast formnation, suggesting a periplasmic location. Previous studies demonstrated that an Mr 22,000 vitamin B12-binding protein was released by osmotic shock (6, 37) .
Some active transport systems in E. coli depend on periplasmic substrate-binding proteins and require phosphate bond energy (4). Nucleotide sequencing of the genes encoding several of these transport system (those for histidine [20] , maltose [9, 15, 16] , phosphate [36] , and oligopeptides [21] ) revealed some common properties of the constituent proteins. In addition to the periplasmic binding proteins, there are two very nonpolar integral membrane proteins and an ATP-binding peripheral membrane protein.
There is genetic evidence from the histidine transport system that all of these components are necessary for transport function and that the periplasmic protein interacts with the peripheral membrane protein (1) .
In this communication we present the nucleotide sequence of the btuCED region. Portions of the predicted BtuD polypeptide exhibited sequence homology to the conserved parts of the peripheral membrane proteins that might be involved in nucleotide binding. The BtuC polypeptide displayed weak structural homology to some of the integral membrane transport proteins. These similarities in location and structure prompted the conclusion that the BtuCED proteins comprise an active transport system for the move- ment of vitamin B12 across the cytoplasmic membrane. This transport system bears a resemblance to binding-proteindependent systems, but the role and existence of a periplasmic vitamin B12-binding protein remains to be demonstrated.
MATERIALS AND METHODS
Bacterial strains, plasmids, and phages. Plasmid pLCD25 carries the 3.4-kilobase HindIII-HincIl fragment in pBR322 (11) . Plasmids carrying various portions of the insert were previously described (11, 12) . Phages M13mp8 and M13mp9 and their derivatives were propagated in E. coli JM101 (27) .
Determination of nucleotide sequence. DNA fragments of the 3.4-kilobase HindlIl-HinclI fragment carrying the btuCED region were prepared by digestion of the insert in pLCD25 with Sau3A, TaqI, or HpaII and were randomly cloned into appropriate sites of phage M13mp8 or M13mp9 (25) . Subclones obtained in one vector were inverted by ligation of the HindIII-EcoRI insert-containing fragment from the replicative form of 'each recombinant phage into these sites in the other vector. The HindIII-BglII (from pLCD16), BglII-HincII (from'pLCD27), BglII-BalI (from pLCD26), and BalI-HincII fragments were also cloned into these phages (11) .
The 2.4-kilobase BglII-HincII region was cloned between the BamHI and EcoRI sites of phage M13mp8, making use of the EcoRI site present on plasmid pLCD27 adjacent to the HincII site (11) . To generate deletions extending from the BglII site, the replicative form of this recombinant phage was opened by treatment with SalI and PstI. As described by Henikoff (19) , nuclease ExoIl cannot initiate cleavage at the 3' overhang at the PstI site. After 1, 2, and 3 min of incubation, exonuclease action was stopped, and the-DNA was treated successively with nuclease Si and T4 DNA ligase as described previously (19) . The deletions thereby generated extended into the insert while retaining the primer-binding sequences and M13 replication functions.
DNA sequencing employed the enzymatic dideoxy chain termination method (33) with deoxyadenosine 5'-(a-
[35S]thio)triphosphate as described previously (5, 18) . Sequence readings were obtained across all of the restriction sites used for subcloning, and every character was read from at least two restriction fragments. Sequence data were handled with the DBUTIL program of
Staden (35); homology searches employed the FASTP program of Lipman and Pearson (24) . Estimation of the relatedness of possible conserved regions made use of the PAM250 amino acid replacement odds matrix of Dayhoff et al. (10) . This yields the probability that a given amino acid would be replaced by any of the other amino acids over a fixed period of time. A score of +2 means that the pair would be expected to occur 1.6 times as frequently in related proteins as random chance would predict.
RESULTS AND DISCUSSION Nucleotide sequence of the btuCED region. Figure 1 shows the restriction map of the 3,410-bp HindIll-HincIl insert carried in plasmid pLCD25 and the strategy employed for determination of its nucleotide sequence. All of the sequence except 83 nucleotides was determined from both strands of the DNA. The nucleotide sequence of the noricoding strand of the fragment is given in Fig. 2 , starting from the second SmaI site' and extending for 2,600 bp through btuCED to the start of ORF-17, the coding region for an Mr 17,287 polypeptide of unknown function.
Identification of coding regions. The open reading frames were correlated with the btu genes by a comparison of their locations to the gene boundaries defined by TnJOOO insertions (11, 12) . These insertions showed that btuC started near the SmaI site at position 1 and ended near position 1,000 (halfway between the BglII and first EcoRV sites). The btuE gene began near the first EcoRV site at position 1,231, and the end of btuD was near the other EcoRV site at position 2,460. The other ends of these two genes could not be precisely defined owing to the lack of sufficient transposon insertions and restriction sites in that area. These gene boundaries defined by TnIOOO insertions agreed very well with the locations of the open reading frames.
The reading'frame entering the fragment from the HindIII end and extending past the SmaI site to nucleotide 54 matched the coding sequence for the himA gene described by Miller (28) and by Mechulam et al. (26) . Its termination codon' is followed by a region of dyad symmetry similar to rho-independent transcription termination sites (32) .
The btuC coding region probably starts with the ATG at position 156, which is preceded by a sequence (AGCAGAA) having partial complementarity to the 3' end of 16S rRNA VOL. 167, 1986 on August 27, 2017 by guest BtE 
CG CTG TG TCA(;CA AG GACTGGCG ATTG TG ATGAGCAGTCA CG ATCTCAACCACACATTGCGTCATG CG CATCGGGCGTG GTTG CTAAAAGGTGGAAAAATG CTG GCCAG TG GACG CAGGG 2300 ** * 2400 (Shine-Dalgarno sequence [34] (12) . The sequence TAATG at position 1,747 can serve both as a termination codon for btuE and as an initiation codon for btuD. The 750-bp btuD coding region extends past the EcoRV site to position 2,498, encoding a polypeptide of 249 amino acids. The coding region for a 154-amino-acid polypeptide of unknown function extends rightward from position 2,576. Its product, termed ORF-17, is not involved in either the regulation or function of the vitamin B12 transport system (12) .
The direction of translation proceeds from himA toward btuD, which represents the counterclockwise direction relative to the genetic map, in agreement with the direction of transcription determined from the orientation of btuD::lac operon fusions (11) . The usage of most of the available codons for translation of the three btu genes (data not shown) is characteristic of weakly expressed genes in E. coli (17) . Table 1 presents the amino acid compositions of the predicted BtuCED polypeptides.
BtuC polypeptide. The BtuC polypeptide is predicted to contain 292 amino acids and have a molecular weight of 31,683. It has a net positive charge (+11) and is extremely nonpolar, containing about 10.6% charged amino acids and a mean hydropathy (0.92, using the values of Kyte and Doolittle [23] ) similar to that of bacterial integral cytoplasmic membrane proteins. Notable features are the high leucine content (20% by number) and the absence of lysine.
The btuC product detected in maxicells is membrane associated (12) . Its lower apparent molecular weight from sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 26,000, can be attributed to the increased binding of sodium dodecyl sulfate to very hydrophobic portions, as previously observed for the lacY and malG products (8, 9) . The distribution of charged amino acids is not even, with many of the positively charged residues in clusters.
There is very little conservation of amino acid sequence among BtuC and the integral membrane components of bThe relatedness index is the average of the log odds for 250 PAMs (probabilities of accepted mutations), as described by Dayhoff et al. (10) .
periplasmic-binding-protein-dependent transport systems, PstA, PstC (36), HisM, HisQ (20) , MalF (15), MalG, OppC (Salmonella sp.) (9), and OppB (E. coli; S. Short, personal communication). Aligning these proteins from their amino termini, with no gaps inserted, revealed less than 10% identity between any pair; this is what would be expected from random alignment of the sequences. The pairs of proteins in the same transport system were no more closely related to each other than to any of the other proteins, although short regions of similarity could be found. One of these regions is near the amino terminus. The other was previously described by Dassa and Hofnung (9) as being 80 to 90 residues from the carboxyl terminus and including the consensus sequence EAA---G---------I-LP. This sequence is not present in BtuC (or in its other two possible reading frames), although weakly related sequences are present in this area. The distribution of potential membrane-spanning regions in BtuC were predicted by using hydropathy (23) or membrane propensity (22) indices (data not shown). The bulk (at least 50%) of BtuC and the other integral membrane proteins could be embedded in the membrane. In the case of BtuC, six or seven potential transmembrane segments are apparent. The other proteins contain four to seven such regions. There was no obvious conservation of the length of the transmembrane segments, their position in the primary sequence, or the distance between them.
BtuD polypeptide. The deduced BtuD polypeptide contains 249 amino acids and has a molecular weight of 27,088, close to that of 29,000 determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. It is relatively polar (21.3% charged residues, +13 net charge) and lacks extensive stretches of uncharged amino acids, consistent with a peripheral association with the membrane (12) . The mean hydropathy value was -0.13.
Two regions in BtuD exhibit considerable homology to portions of the peripheral membrane components of bindingprotein-dependent transport systems (Table 2) . Within the conserved regions, BtuD exhibits 38 to 46% identity with HisP, MalK, PstB, and OppD. The maximum relatedness within these regions among those proteins was only 52%, with each of the proteins showing about the same degree of divergence from any other. Most replacements were conservative. Homology of the total polypeptide sequences out to 246 residues, with gaps inserted only to bring the main homology regions into register, revealed 15 to 21% identity of BtuD with the other analogous proteins. A maximum of 26% identity was seen for the comparison of HisP and PstB, and a maximum of 42% identity was seen for OppD from E. coli and Salmonella typhimurium. The nucleotide sequences encoding the conserved regions were also strongly conserved, exhibiting 72 to 90% identity. These two conserved regions have been suggested to comprise the ATP-binding domain of these proteins, since similar sequences are present in several ATPases (2, 21) . The sequences between these two sites are not conserved, although the distances between them are similar.
Two other regions of BtuD might be related to portions of BtuB, the vitamin B12 receptor in the outer membrane (Table  3) . Comparing BtuB and BtuD, the two regions of 30 and 18 residues displayed 40 and 50% identity, with Dayhoff scores of 1.43 and 2.06, respectively.
BtuE polypeptide. The BtuE polypeptide synthesized in a maxicell system migrates as a major band of Mr 22,000 and a minor band of Mr 20,000. The deduced BtuE protein contains 183 amino acids and has a molecular weight of 20,474, which is slightly lower than that of the product made in maxicells. The net charge was -6, with 24.0% charged residues. The mean hydropathy value was -0.13. Although the protein appears to be located in the periplasmic space, a signal sequence expected for a periplasmic protein was not apparent. It will be necessary to determine the aminoterminal sequence of the BtuE protein to show whether processing of the polypeptide occurs. The low level of expression of these genes requires use of an expression system to obtain sufficient protein for this determination.
Comparison with a library of protein sequences revealed that BtuE exhibited significant homology only with bovine glutathione peroxidase, with 41% identity over a region of 156 amino acids.
Conclusions. The btuCED region has been characterized with respect to nucleotide sequence, polypeptide-coding capacity, complementation activity, and effect of its gene amplification on vitamin B12 transport. The location of the genes defined by transposon insertions correlated well with the location of the open reading frames. The cellular locations of the btu polypeptides, determined in maxicells, showed that these proteins were periplasmic or membrane associated. Sequence or structural relatedness to components of periplasmic-binding-protein-dependent transport systems was apparent. We therefore conclude that the three polypeptides comprise cytoplasmic membrane transport system. This conclusion is consistent with the previous observation of an Mr 22,000 periplasmic vitamin B12-binding protein (6, 37) . The capacity of the BtuE polypeptide to bind vitamin B12 is under investigation. The genetic studies indicated that BtuE is not essential for transport, although it does seem to be involved in the transport process in an auxiliary manner.
Studies of the energetics of vitamin B12 uptake revealed a dependence on both the proton motive force and on phosphate bond energy (7, 31) . Binding-protein-dependent transport systems are characterized by their utilization of phosphate bond energy, possibly in the form of ATP (4, 21) , and the transport across the cytoplasmic membrane could account for the requirement for phosphate bond energy. Vitamin B12 accumulation in BtuC-mutants is energy dependent, but the accumulated substrate is readily released from the cell by treatments that do not result in release of the vitamin from wild-type cells. If these mutants are deficient in transport across the cytoplasmic membrane, as indicated by the results presented here, then the substrate must be accumulating in the periplasmic space, suggesting that the receptor is capable of carrying out active transport across the outer membrane. Presumably, this step is dependent on the proton motive force. It will be of interest to see whether the iron chelate uptake systems are of a similar nature.
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